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Zebrafish wnt8 Encodes Two Wnt8 Proteins
on a Bicistronic Transcript and Is Required
for Mesoderm and Neurectoderm Patterning
generating the anterior–posterior pattern of the nascent
neurectoderm. Overexpression of Wnts can posteriorize
neural tissue (Bang et al., 1999; McGrew et al., 1995,
1997), while interference with Wnt signaling by the over-
expression of Wnt inhibitors such as frzb, dickkopf, or
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dn-Xwnt8 leads to an expansion of anterior neural fates2 Molecular and Cellular Biology Program
and loss of posterior markers (Glinka et al., 1998; Hsiehof the University of Washington
et al., 1999; McGrew et al., 1997). Cell transplantationand Fred Hutchinson Cancer Research Center
studies in zebrafish also suggest a role for Wnts in theBox 357750
posteriorization of the early nervous system. When cellsUniversity of Washington School of Medicine
from the ventrolateral blastoderm margin, where wnt8 isSeattle, Washington 98195
normally expressed (Kelly et al., 1995), are transplanted
next to prospective forebrain tissue, hindbrain markers
are induced. Cells from the dorsal blastoderm margin,Summary
where wnt8 is not expressed, cannot posteriorize neu-
rectoderm in this assay (Woo and Fraser, 1997; KoshidaIn vertebrates, wnt8 has been implicated in the early
et al., 1998). However, no genetic evidence has identifiedpatterning of the mesoderm. To determine directly the
a specific Wnt gene that is responsible for inducingembryonic requirements for wnt8, we generated a
posterior neural fates.chromosomal deficiency in zebrafish that removes the
Studies in zebrafish are consistent with the potentialbicistronic wnt8 locus. We report that homozygous
role for wnt8 in patterning the neural ectoderm. Zebra-mutants exhibit pronounced defects in dorso-ventral
fish embryos homozygous for mutations in the headlessmesoderm patterning and in the antero-posterior neu-
locus, which encodes the ortholog of Tcf3, a componentral pattern. Despite differences in their signaling activi-
of the canonical Wnt pathway, lack anterior neural struc-ties, either coding region of the bicistronic RNA can
tures (Kim et al., 2000). The headless phenotype is duerescue the deficiency phenotype. Specific interference
to the overactivity of the Wnt pathway since in this con-of wnt8 translation by morpholino antisense oligomers
text the requirement for Tcf3 is to act as a transcriptionalphenocopies the deficiency, and interference with
repressor (Kim et al., 2000). In another zebrafish mutant,wnt8 translation in ntl and spt mutants produces em-
bozozok, mutant embryos show a loss of anterior neuralbryos lacking trunk and tail. These data demonstrate
structures similar to that seen in headless mutants (Fek-that the zebrafish wnt8 locus is required during gastru-
any et al., 1999; Fekany-Lee et al., 2000; Solnica-Krezellation to pattern both the mesoderm and the neural
et al., 1996). This phenotype is rescued when dn-Xwnt8ectoderm properly.
is injected into bozozok embryos, further highlighting a
potential role for wnt8 in modulating neural cell fate.Introduction
Thus, there is a strong correlation between the expres-
sion domain of wnt8, organizer formation, and early me-Wnts are a family of highly conserved secreted glycopro-
sodermal and neural patterning, raising the question ofteins that have been shown to play crucial roles in a
whether all of these functions of the Wnt pathway during
variety of developmental processes by activating recep-
early vertebrate development may be mediated by wnt8.
tor-mediated signaling pathways (reviewed in Wodarz
In the present study, we directly test this hypothesis.
and Nusse, 1998). During vertebrate gastrulation, Wnt
signaling has been proposed to participate in dorsoven- Results
tral patterning of the mesoderm (Christian et al., 1991;
Christian and Moon, 1993; Hoppler et al., 1996). Xenopus Loss of the wnt8 Locus Leads to Defects
wnt8 (Xwnt8) is expressed in the ventrolateral mesoderm in Mesoderm and Ectoderm Patterning
during gastrulation (Christian et al., 1991), and the re- During a screen for -ray–induced deficiencies of identi-
sults of overexpression experiments using either wild- fied wnt loci (Lekven et al., 2000), we recovered a chro-
type or dominant-negative forms of Xwnt8 (dn-Xwnt8) mosomal deficiency, Df(LG14)wnt8w8, that removes a
suggest that the normal role of this protein is to promote portion of linkage group 14 that contains the wnt8 locus
ventrolateral fates and to limit the lateral extent of the (Figure 1A). Embryos homozygous for Df(LG14)wnt8w8
gastrula organizer (Christian and Moon, 1993; Hoppler (Df[wnt8] embryos) show a severe phenotype that is first
et al., 1996). However, dn-Xwnt8 can inhibit many mem- visible at shield stage as an expansion of the shield
bers of the Wnt family besides Xwnt8 (Hoppler et al., (data not shown). We assayed the phenotype of Df(wnt8)
1996), and no vertebrate loss-of-function mutant in wnt8 embryos with an array of mesodermal and ectodermal
has yet been reported that would confirm the role of molecular markers (Figure 1B). At shield stage, mutant
wnt8 in early mesodermal patterning. embryos (Figure 1Bb) show a significant enlargement
A number of experimental approaches have also of the expression domain of floating head (flh), a marker
shown that the Wnt/-catenin pathway plays a role in for dorsal axial mesoderm (Talbot et al., 1995), when
compared with wild type (Figure 1Ba). To assay ventro-
lateral mesoderm, we examined the expression of tbx63 Correspondence: rtmoon@u.washington.edu
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Figure 1. Analysis of Df(LG14)wnt8w8
(A) PCR analysis of wild-type and
Df(LG14)wnt8w8 DNA. Linkage group (LG) 14
loci are from the LN54 radiation hybrid panel
(see http://zfish.uoregon.edu/ZFIN for map-
ping panel information). cR, centiRays.
(B) Analysis of the Df(LG14)wnt8w8 pheno-
type. In all panels, dorsal is to the right; (c–h)
are lateral views, anterior up. (a, c, e, and g)
Wild-type. (b, d, f, and h) Df(wnt-8) embryos.
(a and b) Shield stage embryos, animal pole
view, stained for floating head (flh) expres-
sion. The arrows show the observable extent
of flh expression. (c and d) tbx6 expression
at 80% epiboly. (Inset) Vegetal pole view. The
arrowheads indicate the boundary of tbx6
and dorsal mesoderm. (e and f) otx2 expres-
sion at 90% epiboly. The arrowheads indicate
the dorsoventral extent of otx2. Asterisks
mark the anterior and posterior edges of otx2
expression and the posterior edge of the em-
bryo (margin). (g and h) Patterning of the neu-
rectoderm in bud stage embryos assayed by
expression of opl (o, forebrain), pax2 (p, mid-
brain-hindbrain boundary), and tbx6 (t, tail-
bud mesoderm).
(Hug et al., 1997). In wild-type embryos, tbx6 is ex- (Grinblat et al., 1998) and pax2 (Krauss et al., 1991),
which label the prospective anterior forebrain and mid-pressed at 75% epiboly and later in a broad domain in
the ventrolateral mesoderm that has sharp boundaries brain-hindbrain boundary, respectively. In bud stage
wild-type embryos, opl and pax2 domains are limitedflanking the axial mesoderm domain (Figure 1Bc; bound-
aries adjacent to axial mesoderm are indicated with ar- to the anterior25% of the embryo, and tbx6 expression
occupies a mesodermal domain in the tailbud (Figurerowheads in the inset). In homozygous mutant embryos
(Figure 1Bd), tbx6 expression is almost absent at this 1Bg). In Df(wnt8) embryos, however, opl expression is
expanded to encompass the length of the embryo, andstage, and the region corresponding to axial mesoderm
is enlarged (Figures 1Bc and 1Bd, arrowheads in insets). pax2 is only weakly expressed (Figure 1Bh; results con-
firmed with probes analyzed individually; data notThus, mutant embryos show an enlargement of axial
mesoderm and a concomitant decrease in ventrolateral shown). Df(wnt8) embryos younger than bud stage do
not show any appreciable pax2 expression (for example,mesoderm.
To assay ectodermal patterning in Df(LG14)wnt8w8, we the embryo in Figure 5Ab), indicating that the expression
of pax2 seen is significantly delayed. Thus, Df(wnt8)examined the expression of otx2 (Li et al., 1994). In wild-
type embryos at approximately 90% epiboly, otx2 is embryos show a significant dorsoventral expansion of
the neurectoderm, which may reflect the dorsoventralexpressed in the prospective mesencephalon and pros-
encephalon (Figure 1Be). In Df(wnt8) embryos, the otx2 patterning defect seen at earlier stages, in addition to
a significant impairment in the posteriorization of thedomain is greatly expanded dorsoventrally (compare the
distances between arrowheads in Figures 1Be and 1Bf), neurectoderm.
probably reflecting a greater amount of neural induction
that would result from an enlarged organizer, but otx2 The Zebrafish wnt8 Locus Encodes
a Bicistronic mRNAexpression is also expanded in the anterior-posterior
dimension (Figure 1Bf; note the shortened distance be- To facilitate our genetic analysis of Df(wnt8), we cloned
the genomic DNA surrounding the coding region fortween the asterisks marking the posterior boundary of
the otx2 domain and the posterior edge of the embryo the previously identified wnt8 cDNA (Kelly et al., 1995).
Sequencing of the locus revealed a second wnt8 puta-compared with the corresponding wild-type distance in
Figure 1Be). The posterior expansion of an anterior neu- tive coding region approximately 800 bp downstream
and in tandem to the first (Figure 2A; the two codingral marker, otx2, in Df(wnt8) embryos suggests that wnt8
is required for posteriorization of the nervous system. regions are referred to as ORF1 and ORF2). Predicted
translation of ORF1 revealed that it is the gene reportedTo assay the antero-posterior patterning of the ner-
vous system of Df(wnt8) embryos, we stained embryos by Kelly et al. (1995), while translation of ORF2 revealed
that it has the potential to encode a distinct full-lengthwith tbx6 and a mixture of two ectodermal probes, opl
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Figure 2. Molecular Analysis of the Zebrafish wnt8 Locus
(A) Genomic structure of 6 kb of the wnt8 locus (to scale). Coding regions are denoted by colored boxes. The noncoding sequence is in
black, and the direction of translation is indicated by the long arrows. The long splice between ORF1 and ORF2 creates the alternate splice
product seen in (C).
(B) Northern analysis of wnt8 expression at 90% epiboly. Probe regions used are indicated in (D). ORF1 and ORF2 probes do not hybridize
to the alternate splice form so signals represent expression of the bicistronic RNA or single ORF transcripts. RNA standards (kilobase) are
indicated on the left.
(C) RT-PCR on shield stage RNA. Primers used are shown by the short arrows in (A). The major product (large arrow) encodes the bicistronic
mRNA. The minor product (small arrow) is an alternate splice product composed of the 5 half of ORF1 and the 3 half of ORF2.
(D) Schematic representation of the major RT-PCR product, which is a bicistronic RNA, and the regions used for Northern and in situ probes.
(E) Alignment of ORF1 and ORF2 proteins.
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Wnt8 protein. A comparison of the predicted translation
products from ORF1 and ORF2 shows that they are
approximately 70% identical, with the most divergence
in amino acid sequence at the amino and carboxy termini
(Figure 2E).
To confirm that ORF2 is expressed, we performed
Northern blots with three probes on RNA from 90%
epiboly stage embryos (Figure 2B). At 90% epiboly, a
probe that hybridizes to both wnt8 ORFs shows a strong
signal at 4 kb and a slightly weaker signal between 1.5
and 2.0 kb (Figure 2B, lane 1; regions used for probes
are indicated in Figure 2D). An ORF1-specific probe also
hybridizes to the 4 kb transcript, as well as to a weaker
band of approximately 2 kb (Figure 2B, lane 2). An ORF2-
specific probe hybridizes strongly to a band at 1.5 kb
in addition to the 4 kb transcript (Figure 2B, lane 3).
Thus, probes directed against either ORF1 or ORF2 hy-
bridize to an mRNA of approximately 4 kb and also
to ORF-specific bands of lesser size. Hybridization of
probes specific to each coding region to a common-
sized mRNA implies that both coding regions may be
transcribed together in one bicistronic mRNA in addition
to existing as independent transcripts.
To confirm the presence of both ORF1 and ORF2
on a single bicistronic transcript, we performed reverse
transcription-polymerase chain reaction (RT-PCR) on
RNA prepared from shield stage embryos (Figure 2C).
The primers we used spanned both coding regions, and
thus, a product should only be amplified if these two
coding regions are contiguous on a single transcript.
Amplification with these two primers yielded one major
band at approximately 3.0 kb (Figure 2C, large arrow) Figure 3. Analysis of Translation from the Bicistronic mRNA
and a minor band of approximately 1.2 kb (Figure 2C, (A) Representation of the inputs used in coupled transcription-trans-
small arrow). Sequencing of these two PCR products lation reactions. Light blue: 6-myc tag.
(B) Autoradiography of TnT products. Both products are translatedrevealed that the 3 kb fragment contains both coding
from the bicistronic mRNA (lane 3).regions in a tandem arrangement with a 800 bp spacer
(C) Western blot with an anti c-myc antibody to confirm expressionregion between them (Figure 2D) and that the 1.2 kb
of ORF2.
RT-PCR product is an alternate splice product that en-
codes a full-length Wnt8 protein consisting of the 5 half
of ORF1 and the 3 half of ORF2 (long splice indicated ORF2 is a functional IRES, and ORF2 can be translated
in Figure 2A). Thus, the Northern blots and RT-PCR data in vitro in the context of the bicistronic wnt8 transcript.
support the hypothesis that multiple transcripts are pro- To determine whether ORF1 and ORF2 show different
duced from the wnt8 locus. spatial expression patterns in the embryo that might
In order for ORF2 to be translated in the context of a indicate independent regulation of wnt8 transcripts, we
bicistronic mRNA, the 800 bp spacer region would have performed in situ hybridizations with probes specific to
to contain a functional internal ribosome entry site (IRES) either coding region (Figure 4; probes used for in situ
(Pelletier and Sonenberg, 1988). To test whether ORF2 hybridizations are indicated in Figure 2D). These probes
can be translated in vitro, we cloned the 3 kb mRNA into will each hybridize to the bicistronic transcript and to
the expression vector pCS2MT (Turner and Weintraub, their corresponding ORF-specific transcripts; thus, dif-
1994) to add a 6-myc epitope tag to the carboxyl termi- ferences in expression patterns seen with either probe
nus of ORF2 (pORF1/ORF2-6myc; Figure 3A). Transla- can be attributed to the expression of the individual
tion of the untagged ORF1 product yields a product ORF. Expression of the ORF1/ORF2 alternate splice pro-
with Mr of 35 kDa (Brown et al., 1987), which can be duct cannot be ascertained independently of the bicis-
distinguished from the tagged ORF2 product. We used tronic transcript. Until approximately 75% epiboly, both
pORF1/ORF2-6myc and plasmids encoding either ORF1 probes show the same expression pattern in the mar-
or ORF2-6myc individually as input into coupled tran- ginal zone but are excluded from the axial mesoderm,
scription-translation (TnT) reactions (Figure 3B). Al- or organizer, as has been described previously (Kelly et
though the ORF1 product produced from the bicistronic al., 1995; data not shown). After 75% epiboly, both
construct is present in approximately 20-fold excess to probes hybridize to transcripts in the marginal region
the ORF2-6myc product (Figure 3B, lane 3), Western (Figures 4C and 4D, open arrows) and in a broad domain
analysis of the same samples with antibodies to c-myc at the ventral region of the embryo (Figures 4C and 4D,
confirms that the ORF2 product is present (Figure 3C, arrows). However, unlike ORF1, ORF2 is expressed in
the axial mesoderm at the margin (Figures 4A and 4B,lane 3). Thus, the spacer region between ORF1 and
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both probes hybridize to transcripts in the tailbud as
has been described (Figures 4E–4H, open arrows) (Kelly
et al., 1995). ORF2-specific expression in the anterior
ectodermal domain persists at least until the five somite
stage (Figures 4F and 4H, arrowheads). Double-labeling
experiments for ORF2 and krox 20 (Oxtoby and Jowett,
1993) show that the ectodermal expression of ORF2 is
in rhombomeres 5–6 (Figure 4F, inset).
Both ORF1 and ORF2 Can Rescue
the Df Phenotype
In order to confirm that the phenotypes displayed by
Df(wnt8) embryos are due specifically to the loss of
wnt8 function, embryos collected from intercrosses of
Df(LG14)wnt8w8 carriers were injected with plasmid ex-
pression constructs containing either of the two open
reading frames and were then analyzed for the expres-
sion of opl, pax2, and tbx6 at 90% epiboly (Figure 5A).
In wild-type embryos (Figure 5Aa), opl is restricted at
this stage to the anterior portion of the neurectoderm
(posterior edge of opl indicated with arrowhead); pax2
is expressed at the presumptive midbrain-hindbrain
boundary (arrow), and tbx6 expression marks ventrolat-
eral mesoderm (open arrow). In Df(wnt8) embryos at this
stage (Figure 5Ab), opl expression extends all the way
to the margin (arrowhead); pax2 expression is not visible
(arrow), and tbx6 is expressed only very weakly (open
arrow).
Expression of either ORF1 or ORF2 can rescue all
aspects of the Df(wnt8) phenotype seen at 90% epiboly
(Figures 5Ac and 5Ad). Either open reading frame can
limit opl expression to the anterior of the embryo (com-
pare arrowhead position in Figures 5Ac and 5Ad to Fig-
ure 5Ab), can restore pax2 expression (arrows), which
is never seen in Df(wnt8) embryos at this stage, and can
restore tbx6 expression (compare the amount of tbx6
in Figures 5Ac and 5Ad indicated with open arrows to
that in Figure 5Ab). These experiments support the as-
sertion that the phenotype observed in Df(wnt8) em-
bryos is due to the loss of the wnt8 locus.
Despite the ability of both ORF1 and ORF2 to rescue
the deficiency phenotype, several lines of evidence sug-
gest that following duplication of the ancestral wnt8
gene, the ORFs have diverged in their signaling activities
(Figure 5B). First, injection of RNA encoding ORF1 intoFigure 4. In Vivo Expression of the wnt8 Locus
zebrafish embryos leads to ectopic goosecoid expres-In situ hybridizations with either an ORF1-specific probe (A, C, E,
sion at shield stage (Figure 5Bb inset; 84% of embryosand G) or an ORF2-specific probe (B, D, F, and H).
affected, n  25) and to the headless-like phenotype(A–D) 75% epiboly, anterior up. (A and B) Dorsal view. The arrows
show the axial marginal zone. The arrowheads show the neurecto- previously described for overexpression of this protein
dermal domain. (C and D) Lateral view, dorsal to the right. The arrows (Kelly et al., 1995; Figure 5Bb). Despite having identical
show the ventral expression domain. Brackets show the neurecto- 5 and 3 untranslated regions provided by the vec-
dermal domain. Open arrows show the marginal expression domain. tor, injection of ORF2 RNA does not induce ectopic
(E–H) Bud stage embryos, dorsal view (E and F) or lateral view
goosecoid, even after an injection of 5-fold more RNA(G and H), anterior to the left. The open arrows show the tailbud
than was necessary for ORF1 to induce this dorsalexpression domain. The arrowheads show the neurectodermal ex-
marker (Figure 5Bc, inset, n  24). Moreover, ORF2pression domain. (Inset in F) Dorsal view of embryo double labeled
for ORF2 (blue) and krox20 (red). (Left arrow) r3 krox 20 expression; does not induce the headless-like phenotype. Instead,
the right arrow shows r5 krox 20 expression. ectopic ORF2 results in the distinct phenotype involving
perturbed morphogenetic movements, resulting in cy-
arrows). Additionally, the ORF2 probe hybridizes to tran- clopia, a phenotype distinct from activation of the
scripts in an epiblast domain approximately halfway be- -catenin pathway, and one that has previously been ob-
tween the margin and the anterior edge of the embryo served by ectopic expression of wnt4 (Figure 5Bc; Ungar
(arrowheads in Figure 4B, brackets in Figure 4D). The et al., 1995). In addition, transfection of ORF1 and ORF2
into 293T cells along with the TOPFLASH luciferase re-ORF1-specific probe does not hybridize to any tran-
scripts in this region (Figures 4A and 4C). At later stages, porter that is activated by -catenin signaling (Korinek
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Figure 5. Analysis of ORF1 and ORF2 Activity
(A) ORF1 and ORF2 can rescue the
Df(LG14)wnt8w8 phenotype. (a–d) Lateral
views of 90% epiboly embryos, anterior up,
dorsal to the right. The arrowheads indicate
posterior boundary of opl domain, and the
arrows indicate position of pax2 domain. The
open arrows indicate tbx6 domain. (a) Wild-
type. (b) Df(wnt8) embryo. Note the lack of
pax2 (arrow). (c) Df(wnt8) embryo rescued by
expression of ORF1. (d) Df(wnt8) embryo res-
cued by expression of ORF2.
(B) ORF1 and ORF2 RNA overexpression phe-
notypes. Panels show lateral views of heads
at 24 hr. The arrows indicate midbrain-hind-
brain boundary. The asterisks denote telen-
cephalon and arrowheads indicate eyes. (In-
sets) goosecoid expression in shield stage
embryos, animal pole view. The arrows indi-
cate endogenous goosecoid domain. (a)
Wild-type. (b) ORF1 RNA overexpression.
Note the absence of eye. The open arrows in
inset show ectopic goosecoid domains. (c)
ORF2 RNA overexpression. Note the cyclopic
eye (arrowhead).
et al., 1997) reveals that only ORF1 induces TOPFLASH embryos shows a phenotype that is also very similar to
that seen in Df(wnt8) embryos (Figures 6Ce–6Ch). otx2activity (data not shown). The difference in signaling
expression is expanded in both the dorsoventral andactivities of ORF1 and ORF2 in these different contexts
anteroposterior directions in wnt8-MO2 embryos (Figureis potentially a reflection of different receptors being
6Cf compared with Figure 6Ce; arrowheads indicateutilized.
dorsoventral extent, and asterisks mark anterior-poste-
rior extent of otx2 and the posterior edge of the embryo
Morpholino Antisense Oligos Directed as in Figure 1B). Expansion of opl expression to the
against ORF1 and ORF2 Recapitulate posterior margin of the embryo is also seen in the most
the Df(LG14)wnt8w8 Phenotype severely affected embryos (o in Figure 6Ch compared
We then tested morpholino antisense oligos (Nasevicius with Figure 6Cg; results for each probe are confirmed
and Ekker, 2000) directed against both ORF1 (MO1) and independently, data not shown). The expression of pax2
ORF2 (MO2) to determine whether they would phe- in wnt8-MO2 embryos is delayed significantly, similar to
nocopy the deficiency. Each morpholino specifically that seen in Df(wnt8) embryos (data not shown). Thus,
blocks the translation of the coding region against which embryos in which only wnt8 expression has been re-
it is directed, with no effect on the translation of the duced via morpholino injection have defects in meso-
other coding region or GFP (Figures 6A and 6B). We derm patterning, and the induced nervous system is
then assayed the phenotype of embryos coinjected with not properly posteriorized. Although Df(wnt8) embryos
both morpholinos (referred to hereafter as wnt8-MO2 generally have a more severe phenotype than wnt8-MO2
embryos) and compared it with Df(wnt8) embryos (Fig- embryos, this may be due to incomplete translational
ures 6C and 7). Coinjection of both morpholinos at either interference by the morpholinos, resulting in a hypomor-
a high dose (5 mg/ml each, 1–5 nl injection volume) or phic phenotype.
a low dose (1.25 mg/ml each, 1–5 nl injection volume)
produces essentially the same effect, with the higher The wnt8-MO2 Phenotype Can Be Rescued
dose producing a slightly more severe phenotype (dis- by wnt8
cussed later in this article) (Figure 7). wnt8-MO2 embryos In order to confirm the specificity of the wnt8-MO2 phe-
show an expansion of the expression domain of the notype, we performed rescue experiments in which we
dorsal mesoderm marker flh (Figure 6Cb compared with coinjected both morpholinos with a plasmid bearing the
control in Figure 6Ca). The expansion of flh in severe Xenopus wnt8 coding region under control of the CMV
wnt8-MO2 embryos is only slightly less than that seen promoter. While almost all wnt8-MO2 embryos show an
in Df(wnt8) embryos (compare Figures 6Cb with Figure expanded prosencephalon/mesencephalon domain de-
1Bb). Similarly, the expression of the ventrolateral meso- marcated by opl/pax2 expression (Figure 6Db, note dis-
dermal marker tbx6 is significantly reduced in wnt8-MO2 tance indicated by double arrows compared with similar
embryos (Figure 6Cd compared with control Figure 6Cc), region in control embryo in Figure 6Da), coinjection of
and the reduction seen in the most severe class of wnt8- Xwnt8 significantly restores that region to wild-type pro-
MO2 embryos is only slightly less than in Df(wnt8) em- portions (Figure 6Dc, double arrows). Also, coinjection
bryos (compare Figure 6Cd with Figure 1Bd). Thus, spe- of Xwnt8 greatly expanded the domain of tbx6 expres-
cific interference with the zebrafish wnt8 locus leads to sion (Figure 6Dc compare with Figure 6Db). While the
an increase in the dorso-ventral extent of the organizer phenotype induced by the combination of MO1 and MO2
and a concomitant decrease in ventrolateral mesoderm. can be rescued by Xwnt8, as a control we show that
BMP4 does not rescue the phenotype (Figure 6Dd).Examination of neural marker expression in wnt8-MO2
Genetic Analysis of the Zebrafish wnt8 Locus
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Figure 6. Morpholinos Targeted against Both
wnt8 ORFs Recapitulate the Df(LG14)wnt8w8
Phenotype
(A) Autoradiograph of 35S-Met labeled prod-
ucts from TnT reactions using pORF1/ORF2-
6myc DNA input. Relative molecular mass
markers are indicated on the left. A GFP ex-
pression plasmid was used as an internal
control for each TnT reaction. Numbers
above each lane refer to ng of morpholino
added (75 ng morpholino  0.88 M).
(B) Western blot detecting myc epitope in
identical samples to (A).
(C) Phenotypes induced by the coinjection
of MO1 and MO2 mimic those seen in
Df(LG14)wnt8w8. Probes, stages, and orienta-
tions are as indicated for Figures 1Ba–1Bh.
(a, c, e, and g) Wild-type. (b, d, f, and h) wnt8-
MO2 embryos. (b) flh expansion is not sig-
nificantly different from that seen in Df(wnt8)
embryos (compare with Figure 1Bb). (d) The
reduction of tbx6 in wnt8-MO2 embryos is only
slightly less than in Df(wnt8) embryos. (com-
pare with Figure 1Bd). (g and h) o, opl; p,
pax2; t, tbx6. In the most severe wnt8-MO2
embryos, opl expression encompasses the
entire A–P length of the embryo. Compare (h)
with the Df(wnt8) embryo in Figure 1Bh.
(D) Rescue of the morpholino phenotype by
Xwnt-8. Panels show bud stage embryos la-
beled for opl (o), pax2 (p), and tbx6 (t), anterior
up. (a) Wild-type. (b) Typical phenotype
caused by coinjection of a low dose of MO1
and MO2. Note the expanded opl domain,
posterior displacement of pax2 (compare do-
main indicated by arrows to same domain in
(a), and the reduction in tbx6 expression. (c)
wnt8-MO2 embryo rescued by coinjection of
Xwnt8. (d) Embryo coinjected with MO1,
MO2, and BMP4.
wnt8 Mutants Display Defects in Head Patterning (data not shown), indicating that convergence toward
the dorsal midline occurs properly.and Trunk and Tail Formation
To determine the later phenotypic consequences of the We also examined the phenotypes at 24 hpf of em-
bryos injected with MO1, MO2, or the combination ofloss of wnt8 function, we examined the morphology of
wnt8 mutant embryos at 24 hr. Because Df(LG14)wnt8w8 both (Figures 7C–7E). When injected with a high dose
of MO1, embryos appear almost wild type (Figure 7C).homozygotes die by 14 hours postfertilization (hpf), we
examined embryos transheterozygous for Df(LG14)wnt8w8 Embryos injected with a high dose of MO2 show a con-
sistent phenotype that includes cell death, poor differen-and an ENU-induced translocation T(LG14)wnt8w11 (see
Experimental Procedures for a description of this allele; tiation in the brain, and an undulating notochord (Figure
7D). Coinjection of both morpholinos results in a moreFigures 7A and 7B). The transheterozygotes almost
completely lack trunk and tail and form only a few poorly severe phenotype than either morpholino by itself (Fig-
ure 7E). The phenotype observed in wnt8-MO2 embryosstructured somites. The notochord that is present is
slightly wider than wild type (data not shown). In addi- includes a reduction in the size of the trunk and tail, an
enlargement of the forebrain (arrow), and a substantialtion, there is extensive cell death in the forebrain (arrow
in Figure 7B). The few somites formed are not widened decrease in size of the midbrain (asterisk). wnt8-MO2
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Figure 7. Morphological Effects of wnt8 Loss and Synergy Between wnt8, ntl, and spt
(A–E) Phenotypes at 24 hpf. (A) Wild-type embryo. (B) Df(wnt8)/T(wnt8) embryo. Note the absence of almost all trunk and tail. The arrow
indicates cell death in forebrain. (C) Embryo injected with a high dose of MO1. (D) Embryo injected with a high dose of MO2. (E) Embryo
coinjected with a high dose of MO1 and MO2. Note prominence of forebrain (arrow), reduction in midbrain (asterisk) and severe reduction in
size of trunk and tail. Embryos shown in (A) and (C) are at a lower magnification than all other embryos.
(F–I) Phenotypes at 20 somite stage. (Insets) myoD expression, dorsal view. The arrows and arrowheads in (G–I) indicate corresponding
positions in panels and insets. (F) Wild-type. (G) ntl mutant. The arrows indicate fused posterior somites. (H) wnt8-MO2 embryo (low dose). (I)
ntl mutant coinjected with low dose of MO1MO2. Only three somites have formed (arrow) in this embryo (compare with transheterozygote
in [B]). Arrows indicate posterior fused somites.
(J and K) Phenotypes at 24 hpf. (J) spt mutant. The arrow indicates tail somites. (K) spt mutant coinjected with a low dose of MO1 + MO2.
No somites have formed, but there is a rudimentary notochord (not visible). The arrow indicates a single myoD-expressing cell.
embryos have about 18 somites, while embryos injected (Figure 7G). Low-dose wnt8-MO2 embryos have an ex-
with control morpholinos and uninjected embryos have panded forebrain and a slightly shortened tail, but still
24 somites. This same phenotype is observed in em- produce 18 somites by this stage of development (Figure
bryos coinjected with both MO1 and MO2 at a low dose, 7H). Coinjection of a low dose of MO1 and MO2 into
although with a slightly lower degree of severity (data embryos collected from ntl carriers results in approxi-
not shown). Thus, interference with translation of both mately 25% of the embryos almost completely lacking
ORFs is required to produce a severe and consistent trunk and tail (Figure 7I, 23 out of 94 embryos with this
morphological phenotype, which indicates that ORF1 phenotype; the remaining embryos showed the wnt8-
and ORF2 may functionally compensate for each other. MO2 phenotype). The 25% of the embryos deficient in
trunk and tail produce only three to four poorly struc-
tured somites and look almost indistinguishable fromwnt8 Is Required in Conjunction with no tail
Df(wnt8)/T(wnt8) transheterozygotes (compare Figure 7Iand spadetail for the Formation of Trunk
with Figure 7B), the only exception being fusion of theand Tail Mesoderm
last few somites as seen in ntl homozygotes and con-The dramatic decrease in tbx6 expression in Df(wnt8)
firmed by myoD (Weinberg et al., 1996) staining (inset,and wnt8-MO2 embryos is similar to the phenotype ob-
Figure 7I). Such a severe loss of somitic mesoderm isserved in ntl;spt double-mutant embryos (Griffin et al.,
never seen in ntl mutants or in wnt8-MO2 embryos. A1998), which suggests that wnt8 may function in combi-
similar but more pronounced effect is observed uponnation with ntl and/or spt to generate trunk and tail
injection of MO1 and MO2 into spt mutants (Figures 7Jmesoderm. If this were the case, we reasoned that in-
and 7K). spt mutants lack trunk somites, but form so-terfering with wnt8 expression via morpholino injection
mites in the tail (Figure 7J) (Kimmel et al., 1989; Griffinin ntl and spt mutant embryos should generate a pheno-
et al., 1998). spt mutants injected with both morpholinostype that is more severe than that seen in ntl, spt or
lack almost their entire trunk and tail, typically producingwnt8-MO2 embryos.
no visible somites (Figure 7K compared with Figure 7I;wnt8 functions synergistically with both ntl and spt to
33 affected out of 122 total embryos; the remaining em-generate trunk and tail mesoderm (Figures 7F–7K).
bryos showed the wnt8-MO2 phenotype). Thus, wnt8When their wild-type siblings are at the 20 somite stage
functions in concert with both ntl and spt to generate(Figure 7F), ntl mutants have only approximately 15 so-
mites, with the last three being fused across the midline trunk and tail mesoderm.
Genetic Analysis of the Zebrafish wnt8 Locus
111
Discussion Besides limiting the domain of the gastrula organizer,
our data indicate that wnt8 is further required to maintain
the expression of ventrolateral mesodermal markers.The Bicistronic wnt8 Locus
We have shown that the zebrafish wnt8 locus is com- Consistent with the idea that this ventrolateral pat-
terning role of wnt8 may involve bone morphogeneticprised of two open reading frames, ORF1 and ORF2,
each predicted to encode a full-length Wnt8 protein. protein (BMP) signals, the Wnt and BMP pathways have
been shown to interact during the patterning of the ver-The two wnt8 open reading frames are cotranscribed in
a single bicistronic mRNA, and each can be translated tebrate mesoderm (Hoppler and Moon, 1998). In Xeno-
pus, Xwnt-8 may be a transcriptional target of BMPin vitro from this message. Northern blot and RT-PCR
data suggest that transcripts specific to each open read- signaling, as BMP overexpression elevates Xwnt-8 lev-
els, while injection of a dominant negative BMP receptoring frame and an ORF1/ORF2 fusion alternate splice
product are expressed in embryos. In situ hybridization results in the loss of Xwnt-8 expression (Hoppler and
Moon, 1998). Thus, the Wnt and BMP pathways interactdata further suggest that while these transcripts are
generally coexpressed, ORF2 nevertheless has two to achieve proper patterning of ventrolateral mesoderm.
Formation of ventrolateral mesoderm also dependsunique domains of expression-in axial mesoderm at the
margin and in anterior epiblast. Analysis of a chromo- on the T-box transcription factors encoded by the ntl
and spt genes (Schulte-Merker et al., 1994; Halpern etsomal deficiency that removes the wnt8 locus indicates
that the two wnt8 genes are required for normal meso- al., 1993; Kimmel et al., 1989; Griffin et al., 1998). Overex-
pression studies using a dominant negative form of thederm patterning and maintenance and also for posterio-
rization of the neural ectoderm during gastrulation. In- FGF receptor (dn-FGFR) have implicated the FGF signal-
ing pathway in regulating mesoderm specificationjection of either wnt8 ORF results in substantial rescue
of the patterning defects observed in Df(wnt8) embryos, through ntl and spt (Griffin et al., 1995, 1998). dnFGFR-
injected embryos fail to express both ntl and spt andindicating that the two proteins can functionally replace
each other. However, functional assays also reveal dif- completely lack trunk and tail mesoderm (Griffin et al.,
1995). In ntl;spt double mutants, the expression of meso-ferences in the signaling properties of each ORF. In
addition, morpholino inhibition of both wnt8 open read- derm marker tbx6 is almost completely absent (Griffin
et al., 1998). Thus, FGF appears to be at the top of aing frames is required to recapitulate the phenotypes
observed in Df(wnt8) embryos. Injection of both wnt8 genetic hierarchy that functions through the ntl and spt
genes to regulate trunk and tail mesoderm formationmorpholinos into ntl and spt mutants produces a syner-
gistic effect on the formation of trunk and tail mesoderm, (Griffin et al., 1995, 1998).
Interference with wnt8 function via morpholino injec-indicating that wnt8 functions in combination with both
of these genes in this process. tion dramatically reduces tbx6 expression levels, as in
ntl;spt double mutants. This suggests that wnt8 mightOnly a very small number of eukaryotic cellular genes
are known to encode multicistronic mRNAs, of which interact with the FGF pathway in ventrolateral meso-
derm specification. Injection of wnt8 morpholinos doesc-myc is one (Nanbru et al., 1997). Further experiments
are required to determine the significance of the bicis- not significantly affect the expression of either ntl or spt
during gastrulation stages (data not shown), suggestingtronic transcript from wnt8 in zebrafish and whether this
genomic structure exists in other species, but regulatory that wnt8 either acts downstream of ntl and spt in regu-
lating tbx6 or through a parallel mechanism. The pheno-control through IRESs in the 5 UTRs of a number of
developmental regulatory genes has been shown (for types of wnt8 morpholino-injected ntl and spt embryos
go well beyond a simply additive effect, with the moreexample, Creancier et al., 2000; Huez et al., 1998). Pre-
cise regulation of wnt8 expression via its 3 UTR is criti- severely affected embryos completely lacking trunk and
tail somitic mesoderm. This might suggest that wnt8cal for its proper function during development of Xeno-
pus (Tian et al., 1999); thus, additional levels of control acts in parallel to the FGF/ntl/spt pathway. However,
the expression of both ORF1 and ORF2 is reduced (butof wnt8 expression could be essential in ensuring its
proper function. Considering that several transcripts are not absent) in ntl mutants (data not shown), suggesting
that wnt8 function is not completely independent ofproduced from this locus, precise regulation of each
transcript may be essential to modulate carefully wnt8 FGF/ntl/spt. Thus, our results show that wnt8 is part of
a complex interplay involving at least three signalingsignaling during embryogenesis.
pathways, the Wnt, FGF, and BMP pathways, that coop-
erate in the specification and patterning of ventrolateralRequirements for wnt8 in Mesodermal Patterning
mesoderm.A loss of wnt8 function results in an expansion of orga-
nizer-specific markers such as flh, suggesting that wnt8
is required to limit the spatial domain of the organizer. Requirements for wnt8 in Neural Patterning
How does wnt8 participate in patterning the neurecto-Consistent with the specification of ectopic neurecto-
derm by an expanded organizer, we also observe a pro- derm? Current models suggest a two-step model for neu-
ral induction and patterning. Early in gastrulation, thenounced dorso-ventral expansion in the domains of ex-
pression of otx2 and opl in embryos lacking wnt8 organizer secretes BMP antagonists that promote ante-
rior neural cell fate as the initial step in neural specifica-function. The gastrula organizer secretes several Wnt
antagonists, for example Frz-b (Leyns et al., 1997) and tion (Harland, 2000). Activation of posterior neural mark-
ers requires an additional unknown signal, possibly fromDickkopf1 (Kazanskaya et al., 2000). The presence of
Wnt antagonists demonstrates the importance of a criti- nonaxial mesendoderm in the germring (Woo and Fra-
ser, 1997). Our results show that wnt8 is required for thecal balance between wnt8 signaling and organizer size.
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cDNA synthesis was completed using Thermoscript reverse tran-posteriorization of the early neurectoderm. The effect of
scriptase (Life Technologies, Rockville, MD). Primers used to amplifywnt8 on neural posteriorization is not simply due to an
wnt8 locus cDNAs were as follows: F, 5-ATCACTGGTCACTCACG-effect on mesoderm, as we find that the posteriorization
CAG; R, 5-TGGCAAACAAGAAAAAGTGCAG. Products were ligated
of the neurectoderm is more highly affected in morpho- into pGEM-Teasy (Promega, Madison, WI). ORF1 and ORF2 were
lino-injected embryos than the mesoderm. amplified individually with primers containing appropriate restriction
sites from the full-length RT-PCR cDNA clone using Expand DNAHow does wnt8 posteriorize the neurectoderm? One
Polymerase (Roche Molecular Biochemicals, Indianapolis, IN) andpossibility is that the Wnt pathway may activate poste-
ligated into pCS2P to create pCS2P-ORF1 and pCS2P-ORF2rior neural genes by overcoming their repression by
expression constructs. pORF1/ORF2-6myc and pORF2-6myc wereheadless, which encodes an HMG-box–containing tran-
created by amplification from the full-length RT-PCR clone with
scription factor related to TCF-3. headless, which is ex- primers containing added BamHI and ClaI sites for cloning into
pressed in anterior neurectoderm, is required for the pCS2MT. In situ hybridizations were performed as described (Ox-
toby and Jowett, 1993). ORF1-specific probes for Northern analysisrepression of posterior neural fates in this region (Kim
and in situ hybridization were generated from a PCR product corre-et al., 2000) and appears to be epistatic to wnt8 since
sponding to the 3 530 bp of ORF1. ORF2-specific probes wereinhibition of the function of either wnt8 open reading
generated from a PCR product corresponding to the 5 588 bp offrame with antisense morpholino oligonucleotides has
ORF2. In vitro translation reactions were performed with the Pro-
no effect on the headless mutant phenotype (data not mega TnTplus kit. For Western analysis, portions of TnT reactions
shown). This supports the hypothesis that in patterning were blotted and probed with an anti–c-myc monoclonal antibody
9E10 (Evan et al., 1985).the neurectoderm wnt8 functions by alleviating the re-
pression of Tcf3.
In conclusion, we have shown that the zebrafish wnt8 RNA Injections
locus encodes two functional Wnt8 proteins, and these Capped RNA was prepared from pCS2P-ORF1 and pCS2P-
ORF2 with the Message Machine kit (Ambion, Austin, TX). RNAproteins play a semiredundant role in patterning the
dissolved in water was injected into one- cell stage embryos atmesoderm and neurectoderm during early develop-
concentrations of 10, 50, or 100 ng/l, with injection volumes ofment. Both wnt8 ORFs have overlapping patterns of
1–5 nl.expression with notable differences. Although both wnt8
ORFs can rescue the loss of the entire locus, they never-
Morpholinostheless exhibit differences in their signaling activities
Morpholinos (Gene Tools, LLC, Corvallis, OR) were dissolved in 1 when overexpressed. Future studies can now be envi-
Danieu’s buffer (Nasevicius and Ekker, 2000) for stock concentra-sioned in which epistasis of wnt8 relative to other signal-
tions of 10 mg/ml. For injections, MOs were diluted in 1  Danieu’s
ing molecules, as well as possible functional differences buffer to 1 mg/ml to 1.25 mg/ml (low dose) or 5 mg/ml (high dose).
between the wnt8 open reading frames can be ad- One to 5 nl were injected into one to four cell stage embryos. Mor-
pholinos used in this study have the following sequences: MO1,dressed.
5-ACGCAAAAATCTGGCAAGGG TTCAT-3; MO2, 5-GCCCAACG
GAAGAAGTAAGCCATTA-3; control, 5-CCT CTT ACC TCA GTTExperimental Procedures
ACA ATT TAT A. Bases in italics indicate the complement of the
initiation codon for the respective ORF.Fish Care
Routine zebrafish raising and handling were performed as outlined
(Westerfield, 1995). Wild-type fish used were either AB or a stock Mutant Rescue
derived in the Moon laboratory referred to as KWT. The sptb104, To rescue the wnt8-MO2 phenotype, we mixed both morpholinos
ntlb160, and ntlb195 alleles were used for Figure 7. T(LG14)wnt8w11 was together at standard low dose with 35 ng/l of pCS2-Xwnt8 or
generated via sperm-ENU mutagenesis (Riley and Grunwald, 1995) pCSKA-BMP4. Embryos were fixed at bud stage then hybridized
and recovered in a noncomplementation test against Df(LG14)wnt8w8. with the opl-pax2-tbx6 probe cocktail. Ninety percent of wnt8-MO2
We assign the translocation designation based on the observation embryos show the phenotype in Figure 6Db or are more severely
that the mutation is present in approximately 12.5% of the germline affected. More than 50% of embryos simultaneously injected with
of carrier fish. T(LG14)wnt8w11/Df(LG14)wnt8w8 transheterozygotes MO1, MO2, and Xwnt8 show rescue defined as an anterior shift of
lack the same genomic markers as those shown in Figure 1A. pax2 relative to tbx6 (n  52). Coexpression of BMP4 does not
significantly reduce the number of embryos showing posteriorized
neurectoderm, although it can restore tbx6 expression and can re-Genotyping
duce the amount of neural induction (n  18).DNA was prepared from tailfin-clips of 3-day-old offspring from a
To rescue Df(LG14)wnt8w8 mutants, embryos collected from twomating between a genotyped Df(LG14)wnt8w8 carrier and a wild-type
heterozygous fish were injected with 40 ng/l pCS2P-ORF1 orfish homozygous for a different EcoRI RFLP allele. Tailfin posterior to
pCS2P-ORF2. Embryos were fixed at 90% epiboly and hybridizedthe end of the notochord was removed and dissolved in 12l EDPM,
with the opl-pax2-tbx6 probe cocktail. Stained embryos were photo-500g/ml proteinase K (Westerfield, 1995). PCR products from these
graphed and then processed as described (Westerfield, 1995) fortemplates were subjected to EcoRI digestion and analysis on
PCR reactions using primers that amplify the TEC gene (http://2% agarose gels. Primers used have the following sequence: F,
zfish.uoregon.edu/ZFIN), which is removed by the deficiency, and5-CACGCGTCGTGGATGAAGTAA-3; R, 5-ATCTAATGTGCTTCCC
gsc, which serves as an internal positive control.ACTAC-3.
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